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Abstract 
Application of battery power systems increases in the marine and offshore industry. Most applications 
target to reduce the energy consumptions when the battery power system is wholly or partially used. 
The hardware and software of the battery power system design for underwater application are described.  
The testing of the battery power system is successfully performed in a water tank at low temperature of 
4 °C that mimics subsea operating condition where most remotely-operated vehicle (ROV) operates. 
The average variation of state-of-charge for the 12-cell is approximately 5 percent after active cell 
balancing.  The battery management system is capable of estimating the state-of-charge and using the 
data to perform the active cell balancing on each cell with different imbalanced state-of-charge values 
of at least 30 percent. 
 
Keywords: battery power system; Lithium Iron Phosphate; offshore industry; remotely-operated vehicle; 
state-of-charge; active cell balancing. 
 
1. Introduction 
 
        With increasing global demand for energy, facilities such as drilling, oil rig and production 
platforms have become essential assets for marine and offshore companies. Any defect to these facilities 
will have significant adverse environmental and economic consequences. For example, British 
Petroleum (BP) Deepwater Horizon oil rig exploded and killed eleven peoples and caused widespread 
pollution in the Gulf of Mexico. A report released by BP [1] concludes that accident was caused by “a 
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complex and interlinked series of mechanical failures, human judgments, engineering design, 
operational implementation, and team interfaces.” Underwater systems such as electric-propelled 
underwater robotic vehicles (URVs): remotely-operated vehicle (ROV) and autonomous vehicle (AUV) 
for various deepwater applications have become more relevant to inspect any damages to these offshore 
oil rig platforms. The URVs enable continuous and effective real-time monitoring in deep water where 
human divers are unable to reach. In the past few decades, these robotic systems have become more 
prevalent and reliable for harsh and remote environment. The requirements placed on the battery power 
systems on these robotic applications have also become more stringent and demanding. More power 
and endurance are required, and the batteries must be robust enough to cope with a broader range of 
environmental conditions such as in marine vessel [2-4], AUV[5] and wind turbine [6]. It is especially 
true of batteries for ROVs used for emergency power supply. However, the endurance for the power 
system is mainly limited by the energy density [7] in the underwater applications. 
           Lithium iron phosphate battery or LiFePO4 battery has become quite common for electric 
vehicles[8-9], smart grids[10-12] and lately for AUV applications [13-14]. However, the batteries are 
quite vulnerable to ambient or operating temperature variation and unforeseen overly charged or 
discharged resulting in shorter lifespan and poor performance.  Hence, it is essential to include the 
ambient temperature variation on the state-of-charge (SOC) [15-16] estimation.  The experimental 
works [17] to study the variation of temperature on a prismatic Li-ion phosphate (LiFePO4) battery 
during the discharge process was conducted.  The increased discharge rate resulted in higher 
temperatures on the battery’s surface except for lower discharge rates; the temperature was close to the 
ambient temperature. 
Further works to perform thermal characterization of thermo-physical properties such as 
thermal resistance and conductivity of prismatic battery materials of the lithium-ion battery can be seen 
in [18]. The electrochemical–thermal analysis [19] of the LiFePO4 was performed.  The results showed 
the reaction heat is the major heat source in LiFePO4 battery, and the large temperature gradient across 
the cell was caused by high contact resistance. The modeling of the thermal effect of the LiFePO4 
battery was studied using COMSOL[20-22], It was quite popular in studying the heat transfer problem 
of the battery. A different study on using Boron Nitride coating [23] on Lithium-ion battery casing and 
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its heat transfer properties was studied. The results showed that the coating could improve the thermal 
management of the battery. Alternate method [24] to model the thermal and electrical behavior of a 
Lithium-ion cell that reduced computation time was also proposed.   The reviews of different 
approaches in modeling the Lithium-ion battery cell including thermal effect for land-based systems 
such as electric vehicles and smart grids can be found in the following references [25-29].  
          However, the marine-based LiFePO4 battery power module for underwater systems such as URV 
are rarely studied in the literature. There exist many different types of the marine-based battery power 
system in the market. The list of common types of battery used and the references [30-35] are tabulated 
in Table 1. The batteries for subsea are usually more rugged to withstand seawater ingress and subsea 
connectors that can tolerate high water pressure in URVs. As seen in Table 1, the energy capacity of 
the batteries has at least 1kWh, minimum static capacity of 18Ah and output current of 10 A. The mass 
of the battery can reach 90 kg. The battery cells are mainly: Lithium poly, Nickel–metal hydride battery, 
Lithium-ion, Lead-acid, Lead-carbon technology and Lithium–titanate. For marine applications (i.e. 
ship), they have higher charging and discharging current with larger form factor with fewer 
requirements on the enclosure design, connectors, and material as compared to batteries used for 
offshore in underwater applications. The marine battery power systems are often kept in a dry condition 
in battery room on board the ship.  The common lead-acid batteries that the shipowner still use, can be 
quite heavy and space consuming when compared to Lithium-ion based battery. 
       Although, the battery power systems could be found in both marine and offshore industry, the 
process of developing, simulating to testing of the LiFePO4 battery power system for ROV in the 
offshore industry is not readily available in the literature.  In this paper, the proposed Lithium-ion 
battery power system includes a smart battery management system (BMS) with active cell balancing 
technology, state of charge (SOC) and state of health (SOH) estimation. The proposed active cell 
balancing technology will transfer the energy from the most robust cell to the weakest cell and target to 
improve system efficiency as compared with passive cell balancing. It can lead to longer endurance in 
underwater and increase the battery lifespan for marine applications. Furthermore, the battery module 
with the BMS system can always be scalable (or can be stacked) to give a higher power capacity (up to 
100kWh) for the underwater environment. The modular design of the battery allows user to quickly 
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swap a discharged battery with a charged one. It enables rapid turnaround of submersible equipment in 
the field. In addition, the battery power system comes with a pressure-resistance enclosure that 
eliminates extra battery pressure chamber and associated risk. Thus, increase system reliability amid 
high pressures down to 3000m of sea water that often limits most of the underwater activities.  
            This paper will focus on the development of a new 2 kWh (=50 Ah3.2V12 cells) Lithium 
Iron Phosphate (LiFePO4) battery power system for ROV that can be extended to power marine energy 
capture system and for energy storage purpose. The size of the battery power system is around 0.63 m 
long, and 0.44 m width with the mass in the air is approximately 98 kg.  Therefore, the objectives of 
this paper are to design the mechanical and electrical subsystems, simulate the thermal behavior using 
COMSOL and test the functionality of the proposed LiFePO4 battery power system in the water tank.  
            The contributions made in this paper are as follows. A smart battery management system based 
on a micro-controller unit and digital signal processing technology is developed for ROV. The BMS 
consists of monitoring, protection and communication subsystems. It incorporates software algorithm 
of active cell balancing into a printed circuit board (PCB) for real-time testing with SOC estimation 
resulting in more balanced SOC value (of not more than 5% different) in water.  A thermal simulation 
based on conjugate heat transfer module was performed on the battery power system in COMSOL, 
based on that, an underwater test station was first setup to simulate the battery power system in subsea 
environment of 4 °C.   
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Table 1: Different battery power system used in marine and offshore industry  
Descriptions Bluefin’s 
Robotics [30] 
  
 
CDL subsea 
battery pack 
[31] 
  
Southwest 
Electronic Energy 
Group (SWE) [32] 
Deepsea 
Power & 
Light [33] 
 
Furukawa 
Battery 
Company of 
Japan, Eco 
Marine Power 
[34] 
PBES 
Lithium 
Industrial 
Batteries 
[35] 
Cell type Lithium poly Nickel–metal 
hydride battery 
Lithium-ion Lead-acid Lead-Carbon 
Technology 
(FCP-1000-12) 
Lithium–
titanate 
(Titanate 35) 
Dimensions  
(L x W x H)   
384 x 133 x 
210 mm 
500x400x450m
m 
~1910x1890x650m
m 
457x305x327
mm 
508 x 303 x 172 
mm 
580 x 320 x 
380mm 
Mass (Dry) 14.3 kg 46 kg ~75kg 49kg  75kg 90kg 
Depth Rating 6,000 m 3000m 6000m 11,000m NA  
Energy Capacity 1.5 kWh 0.95kWh 3.2kWh NA 2kWh 3.5 kWh 
Voltage (Nominal) 30 V 26.4V 29V 48V 2V 54V 
Capacity 
(Nominal) 
48 Ah 36Ah 112Ah 18Ah 1000Ah 60Ah 
Discharge Current 10 A 
(nominal), 30 
A (max)  
NA 40 (nominal), 75 
(max) 
16A (max) 400A (max) 450A (max) 
Discharge 
Temperature 
-20 to 48 °C NA NA -20°C to 
60°C 
5°C to 25°C -40°C to 
+60°C 
Charge Current 12 A 
(nominal), 15 
A (max)  
NA 29 A (nominal),32 A 
(max) 
NA 200A (max) 450A (max) 
Charge 
Temperature 
0 to 48°C NA NA -15°C to 
50°C 
5 to 25°C 15°C to 30°C 
Connector Wet-mateable 
connector 
Burton 
connector 
Seacon WET-CON IL4FS  NA IP67 
Compensation Inert oil NA NA Inert oil NA NA 
Enclosure material Stainless steel Aluminum Rugged enclosure Polyethylene NA NA 
Communication NA NA RS485/MOBUS NA NA Modbus/TCP 
 
  
2. Underwater Lithium-ion Battery Power System Design 
The Lithium Iron Phosphate (LiFePO4) battery consists of twelve CAM50F LiFePO4 cells (see 
Table 2). The cells were made by China Aviation Lithium Battery (Luoyang) Co., Ltd. The battery’s 
dimensions are as follows: 135mm long29mm wide222mm high and has a mass of 1.9kg. The BMS 
includes a smart battery management system (BMS) with energy management, thermal management, 
and protection system.  The BMS has the following functions: battery state of charge (SOC) estimation, 
state of health (SOH) estimation, and active cell balancing.  The thermal management monitor and 
reduce the ambient temperature within the enclosure. The protection system regulates the power input 
to different circuit board and isolates the power electronics from the load. It also helps to control and 
convert the Direct Current (DC) voltage level to different voltage levels (via a DC-DC/Alternating 
Current (AC) converter) to 24 V and 48 V. The communication with external devices via RS485 and 
MODBUS are also included. The charger will charge the unbalanced cells in the battery pack.   
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Table 2: Specifications of CAM50F LiFePO4 prismatic battery cell 
Descriptions Specifications 
nominal capacity 50 Ah 
nominal voltage   3.2 V 
maximum constant discharging current   50 A 
standard charging current 15 A 
discharging cut-off voltage 2.5 V 
charging temperature 0℃ to 45℃ 
discharging temperature -20℃ to 50℃ 
 
The single cell has a 3.2 V and capacity of 50 Ah. In the proposed design, the battery pack 
consists of 12 cells connected in series to achieve a battery power density of 2 kWh in a compact 
pressure-resistance enclosure for 3000 m of seawater. As the designed power supply system will be 
exposed to the deepwater, proper sealing is required to prevent water leaking into the system. An O-
ring is used in sealing pressurized systems up to a pressure equivalent to 3000 m. They are mounted at 
the top of the enclosure fastened by few mechanical bolts. The electrical connectors will be assembled 
near to the enclosure cover for subsea connectors. Figure 1a shows the schematic of the electro-
mechanical systems architecture layout. 
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Figure 1. (a) Overall electro-mechanical systems architecture design for underwater battery power 
system; (b) interior layout of battery power system 
 
2.1. Mechanical and Electronic Systems Arrangement 
The inner  arrangement of the LiFePO4 battery power supply system can be seen in Figure 1b. 
The battery power system is developed to accommodate all electronic devices and battery cells. The 
internal volume is separated into five main layers namely: battery, connectors, enclosure, electronics, 
and thermal management system. The horizontal orientation of the battery power system will facilitate 
installation on board of ROV. 
In the proposed SOC estimation and active cell balancing, a bidirectional DC-DC/AC converter 
is used to interface between the battery and the load. With the power demand from the load, the main 
control module also computes the values of the voltage and current needed. The terminal voltage of the 
Battery cells 
Electronics 
Heat management 
Enclosure 
frame 
Connector  
pinout 
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battery will be tuned for maximum efficiency of the converter. The online SOC estimator based on Ah 
counting uses the data obtained from the sensor. As seen in Figure 2a, the sampled data are transferred 
to the microprocessor (via serial port) for SOC estimation and cell balancing (via active balancing and 
protection circuit) in Figure 2a. The front-end connection circuit provides the interface between the 
external circuits to the main control board. The programs are coded in C++ via MPLAB software that 
interface to the computer. 
 
 
Figure 2. (a) Schematic layout of active cell balancing, SOC estimation and interface for underwater 
battery power system; (b) Overall view of battery power system [7] 
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 The overall view of the computer-aided design (CAD) model can be seen in Figure 2b. The 
enclosure is in a cylindrical geometry adapted for the high-pressure vessel design. The supporting 
structure within the enclosure also strengthens the flat end plates to prevent premature buckling due to 
high hydrostatic pressure. It also help to eliminate the need of hemispheric end plates that are difficult 
to fabricate. The majority of the thermal heat will be produced by the LiFePO4 battery cells and power 
electronics during the charge and discharge process. Due to the weight of the battery cells, its natural 
orientation would be at the bottom. During operation, the heat generated from the power electronics 
and battery cells would heat the surrounding air within the enclosure. The heated air accumulates at the 
top of the sealed chamber due to convection. Hence, the power electronics are fitted with fans to create 
a force circulation for driving the hot air towards the cooling heat sink to cool the interior space. It is 
thus more energy efficient than an active thermal management system that requires liquid-based cooling 
system. 
 The final mechanical specifications of the battery power system (see Figure 2b) are 0.63 m long 
and 0.44 m width. The mass in the air is approximately 90 kg and 23 kg in water. The three-dimensional 
(3D) model depicts the arrangement of all the components within the watertight enclosure and cover. 
The components are arranged to consume less space. All the parts are assembled in such a manner to 
reduce wiring and hence lowered the resistance and increased efficiency. Safety and reliability of the 
battery power system such as automatic cut off are in-corporated. In addition, fire retardant wires are 
used to prevent fusing and shorting of the batteries during high current drawing and surges. The details 
of the layers can be seen in Figure 2b. 
 
2.2. Battery Layer 
 The battery module consists of the twelve CAM50F LiFePO4 cells arranged in series as seen 
in Figure 2b. The stack is secured via two top and bottom plates that are bolted down onto the frame 
inside the battery enclosure. It ensures the stability of the system and minimal movement during 
transportation and application. The arrangement also allows greater space savings and ease of 
connection between battery cells. The battery holders allow a small gap within each battery cell to 
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compensate for the inevitable expansion of the battery cell and help to dissipate the thermal heat 
generated by the batteries during the charging and discharging. 
 
2.3. Power Electronic Layer 
 The assembly including the power electronic layer is shown in Figure 2b. The power electronics 
consists of a few major components: charger, converter, relays and control boards. The converter is 
used to convert the DC voltage of the battery to some DC and AC output voltage. The charger is built 
to recharge the battery cells after the discharging. A few relays are integrated into the system to cut off 
the power during extremely high battery cell temperature, high current or extremely low voltage in the 
battery system. They are used as a safety device to prevent further damages to the system. There exists 
three printed circuit boards attached to the horizontal support plate. There are namely: battery 
monitoring board, cell balancing board, and the fuse board. The structure inside the enclosure provides 
sufficient support for the electronics.  
 
2.4. Connectors Layer 
 To connect the battery power system to the underwater vehicle, subsea connectors are used. 
Three connectors are used, namely, charger connector, communications connector, and output power 
connector. These rubber molded subsea connectors are rated for 13700 m and can withstand up to 600 
VDC and 300 A. They are made of neoprene; glass enforced epoxy, stainless steel, and Delrin.   
 
2.5. Enclosure Layer 
 The battery supply system will be operating in subsea conditions with harsh pressure and 
temperature. It is vital that the system is fitted with features to prevent water leakage. The O-ring is 
fitted within a groove of the top cover and sufficiently compressed when the cover is tightened. The 
thickness of the O-ring is 6 mm and has a compression rate of 25 %. The O-ring can withstand pressures 
up to 300 bars (~3000m). The enclosure and cover are made of SUS 316 marine grade stainless steel. 
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As compared to common subsea enclosures such as aluminum and titanium, SUS316 stainless steel has 
relatively good strength to weight ratio with reasonable cost. 
 There are many considerations in the design of the subsea enclosure that houses the battery 
power system. The factors include shape, depth rating, and overall weight. The cylindrical shape 
provides equal distribution of stresses with less sharp corners. The thin-walled pressure vessel is 
considered to be thin-walled if its wall thickness, tw, to vessel radius, R, is less than 1 (t/R << 1). The 
battery power system enclosure consists of a thin-walled cylindrical body with flat end caps. The 
cylindrical coordinate system (x, r, θ) is used, where x represents the axial coordinates, r represents the 
radial coordinate and θ represents the angular coordinate. The cylindrical body experiences stress in the 
circumference and axial directions due to the axisymmetric characteristics. The stress in the 
circumference is called hoop stress, 𝜎𝜃, and the stress along the axial direction is called longitudinal 
stress, 𝜎𝑥. The hoop stress is the force exerted on the circumference of the cylinder. It is twice as high 
as the axial stress. Therefore, the hoop stress is the main factor in the design. The formulas for the stress 
components  𝜎𝜃 and  𝜎𝑥 are written as follows. 
 𝜎𝜃 =
𝑃 𝑅
𝑡𝑤
 (1) 
 
 𝜎𝑥 =
𝑃 𝑅
2𝑡𝑤
 (2) 
where P is the pressure acting on the cylinder, R is the radius of the cylinder (for thin-walled pressure 
vessels, R=RI = RO ) and tw is the thickness of the cylinder wall. 
 The calculated maximum pressure (without safety factor) of the 316 stainless steel cylindrical 
thin-walled pressure vessel is 145 MPa that correlates to 1450 m water depth pressure. However, the 
weakest point of the design is not the cylindrical body. It is the top cover of the enclosure. The current 
depth rating depends on the maximum pressure applied on the top cover.  The thickness of the flat end 
cap can be computed as follows. 
 𝑡𝑓 = 𝑑√0.3𝑃/𝑆 (3) 
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where tf is the thickness of the flat end head or cap (mm), d is the inner diameter (mm), P is the applied 
pressure (MPa), and S is the maximum allowable stress (N/mm2). 
 By using (3), the thickness of the flat end cap can be computed as 10 mm for a maximum 
pressure at the flat end cap of around 12 MPa (or 120 m water depth pressure). To fulfill the 3000 m 
depth of seawater, the cylindrical body and end cap thickness should be around 10.5 mm and 50 mm 
thick, respectively.  
 
2.6. Thermal Management System 
 The two main factors to consider in thermal management system are the surrounding 
temperature and humidity within the enclosure. The proposed thermal management system comprises 
of two main parts. The thermal storage unit and the humidity storage unit. The thermal storage unit 
consists of fins, cover plate, honeycomb, phase change material, gasket, and base plate. The humidity 
storage unit includes the desiccant cover, desiccant and base plate. The thermal storage unit combined 
a finned heat sink and a phase change material (PCM) for thermal storage. The aluminum honeycomb 
structure within the hollowed base plate to improve the heat transfer between the fins and the PCM. 
The high latent heat storage capacity of the PCM makes it favorable to store large amounts of heat 
emitted from the battery cells and power electronics. With sufficient heat energy, PCM changes phases 
and melts into a liquid. When the heat source is removed, it dissipates the heat and solidifies back to its 
original state. The melting point of the phase change material is 35 °C. The batteries will be kept 
constant at 35 °C. If the system requires to be held at a lower or higher temperature, a suitable melting 
point of PCM could be used to replace the existing one. The humidity storage unit holds a packet of the 
desiccant within a perforated cover and the base plate to prevent condensation on the sensitive power 
electronics. The system takes advantage of the existing cooling fans on the power electronics to create 
an environment of forced ventilation in the enclosure that channels the hot and moist air to the thermal 
and humidity control system. 
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3. Thermal System Design 
 A thermal simulation based on conjugate heat transfer module was performed on the battery 
power system via COMSOL Multiphysics 5.3. It was used to solve the battery system model presented 
in this paper. The model consists of conjugate heat transfer physics, multiple heat sources and 
atmospheric temperature. The outputs of the model are the surface temperatures of each component and 
ambient temperature.  The PARDISO time-dependent solver with a relative tolerance of 0.01 was 
chosen for all the variables; solutions were tested for mesh independence and the solution time for this 
model was approximately 35 minutes by a computing platform with 4-core processors (2.60GHz) and 
a total of 4 x 8 GB RAM (random access memory). The mesh of the model is composed of 133,160 
elements with a minimum element quality of 0.00172. The primary boundary conditions of the analysis 
are as follows: 
 Laminar Flow -Internal and external fluid flow 
 Heat Transfer –Solid, Liquid,  Heat Source (electronic components) and Boundary Temperature 
(external ambient temperature) 
 Time-dependent 
 Simulation time of 3600 s with 60 s step size 
 Initial temperature of 298 K or 277 K (25 °C or 4 °C) 
 Initial pressure of 1 bar 
 Battery discharge rate of 1 C (50 A) 
 The simulation was based on the operational conditions of the battery power system at subsea 
depths (at 4 °C outside the enclosure) as well as normal land conditions (at 25 °C outside the enclosure). 
Both conditions used the discharged at constant 50 A(1 C) for 1 hour (full discharge). 
The battery cells give off heat during their charging or discharging cycles via electrical heating 
(Joule heating effect) and thermochemical heating effect. Due to the complex thermochemistry of the 
Lithium cells and the unstable thermic reaction, its effect was ignored. The more significant heating 
effect, the Joule heating effect, often referred to as resistive loss, occurs when there is a current flow 
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through a resistive element. In the battery, heat is dissipated through the resistive properties of the 
battery cell, i.e. battery internal resistance. The Joule heating effect, QJoule is described as: 
 𝑄𝐽𝑜𝑢𝑙𝑒 = 𝐼
2𝑅𝑖 (4) 
where 𝐼 is the current (A) and 𝑅𝑖 is the internal resistance of the battery (Ω). 
The standard time-dependent heat transfer equation [36-37] is as follows: 
 𝜌𝐶𝑃
𝜕𝑇
𝜕𝑡
+ 𝜌𝐶𝑃𝑢 ∙ ∇𝑇 = ∇ ∙ (𝑘∇𝑇) + 𝑄 (5) 
where 𝝆 is the density (kg/m3), 𝑪𝑷 is the heat capacity at constant pressure (J/kgK), T is the temperature 
(K),  𝒖 is the velocity field (m/s), 𝒌 is the thermal conductivity (W/mK) and 𝑸 is the heat source 
(W/m3). 
The software, COMSOL uses the Navier-Stokes equations to govern the motion of fluids. In 
the case of a compressible Newtonian fluid, the equation is as shown. 
 𝜌 (
𝜕𝑢
𝜕𝑡
+ 𝑢 ∙ ∇𝑢) = −∇𝑝 + ∇ ∙ (𝜇(∇𝑢 + (∇𝑢)𝑇) −
2
3
𝜇(∇ ∙ 𝑢)𝐼) + 𝐹 (6) 
where 𝑢 is the fluid velocity field (m/s), 𝑝 is the fluid pressure (Pa), 𝜌 is the fluid density (kg/m3), 𝜇 is 
the fluid dynamic viscosity (Pa.s) and 𝐹 is the volume force field (N/m3). Each term of the equation 
represents and corresponds to the inertia forces, pressure forces, viscous forces and the external forces 
applied to the fluid. The Navier-Stokes equations represent the conservation of momentum while the 
continuity equation represents the conservation of mass. These equations are always solved together. 
The continuity equation is as follows: 
 
𝜕𝜌
𝜕𝑡
+ ∇ ∙ (𝜌𝒖) = 0 (7) 
where 𝒖 is the fluid velocity field (m/s) and 𝜌 is the fluid density (kg/m3). 
  Although the experiment was not performed for this set up due to the size of the battery power 
system could not fit into the current thermal chamber, a similar experiment using the same CAM50F 
LiFePO4 cells [22] was performed in a different enclosure (made of acrylic material). The purpose is 
to verify the accuracy of the thermal simulation performed in the COMSOL on the same cells used in 
the proposed battery power system. The setup is shown in Figure 3a.  The results obtained in the thermal 
15 
 
simulation were compared with the experiment results in order to validate the accuracy of the simulation 
results at different locations as shown in Figure 3b. The maximum temperature of the simulation and 
experimental results are tabulated in Table 3. It shown a maximum error between the simulation and 
experimental results is approximately 1°C. The maximum simulated temperature is at the top of the 
battery stacks (i.e. at Point 4). As compared to the thermal responses obtained from the experiments 
(see Figure 4), the maximum temperature [22] is also located at Point 4.  The simulated temperature is 
approximately 29.3°C (i.e. 0.5°C above the experimental value of 28.8°C). Note that both the simulated 
and experimental values are below the discharging current limit of 50°C in Table 2. However, it has 
been observed that there is a drop in temperature during the period from 4000 s to 8000 s. It can be 
caused by a negative entropic heat contribution in a lithium type battery [38]. In summary, the simulated 
results closely matched the experiment results with a root mean squared error of around 2.45%. 
 
 
Figure 3. (a) Experimental setup for thermal validation of CAM50F LiFePO4 cells [22] (b) 
measurement locations and COMSOL results [22] 
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Table 3. Simulation vs. experimental results (maximum temp) [22] 
 
Figure 4: Results of thermal responses at various locations during experiment [22] 
 
By applying the similar approach to the proposed battery power system, the thermal simulation as 
shown  in Figure 5a and Figure 5b can be obtained. The main heat sources are the battery cells, converter 
and the components on the printed circuit board (PCB). The low subsea temperature sufficiently cools 
the enclosure, and through natural convection within the enclosure, reduces the temperature of the core 
electrical components. In the worst case scenario in Figure 5b, the battery cells reach a maximum 
temperature of 54 °C that is still under the safe operating temperature range provided by the 
manufacturer. As shown in the simulation results (see Figure 5c), the battery cells positioned in the row 
operates at an average temperature of 30 °C (within the temperature stated by manufacturer).  
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17 
 
 
 
Figure 5: Thermal simulation of underwater battery power system using CAM50F LiFePO4 cells (a) 
on land condition at 25 °C); (b) subsea condition of 4 °C; (c) battery cells in series position 
 
4. Smart battery management system (BMS) design 
The smart battery management system (BMS) includes the algorithms for active cell balancing, 
SOC and SOH estimation as well as real-time system monitoring of the battery stack. The BMS also 
measures and stores all the cell voltages, the battery temperature and the current. During operation of 
the BMS, data on current, cell voltages and battery temperatures of the power source will be transmitted 
to surface computer for analysis. 
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4.1. Battery Parameters Estimation 
An accurate SOC estimation could improve the performance and reliability, and lengthen the 
lifetime of the battery. The SOH indicates the “health” of the battery such as the life cycle of the battery 
and its condition relative to a fresh battery from factory.  The conventional method to estimate both the 
SOC and SOH is Ah counting or coulomb counting method. Although this method is susceptible to 
current measurement errors due to its integration over time, it is simple to use and apply in actual 
application. Alternate methods such as voltage-based method and impedance-based method have been 
used. An adaptive based technique using Kalman-based filter [15] was often used to cater for 
uncertainties. However, Kalman filter is a recursive method that requires iteration that could increase 
the computation time that leads to longer balancing time of each battery cell after the SOC values are 
estimated.     
Figure 6 shows a second-order battery model. 𝐶1 and 𝐶2 are very huge capacitors in kF. In the 
proposed method, it is assumed that the voltage drops across 𝐶1 and 𝐶2, during short duthe ration of 
charge or discharge, does not change much and they are neglected. 𝑅0, 𝑅1 and 𝑅2 are obtained from the 
discharge and relax cycle of the battery. The battery under test is fully charged and is subjected to a 
0.3 C (15 A) discharge cycle.  
 
 
 
 
 
Figure 6: Second Order Battery Model 
The 2RC parameters at different SOC were determined from the pulse discharge test. The test 
generated a series of discharge current pulses of 15A for decreasing SOC values. During the test, the 
battery was first charged to 15 A to the fully charged state in constant current-constant voltage (CCCV) 
mode to around 3.5 V. Then discharging the battery cell at a pulse current 15A for 15 s, relax for 300 
𝑅1 
𝐶1 
𝑅0 
𝑉𝑜𝑐 
𝑅2 
𝐶2 
𝑉𝑡 
+ 
- 
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s, discharge for 1200 s and then relax for 1 hour until the terminal voltage reaches the cut-off voltage 
of 2.5 V. The open circuit voltage (OCV) was then obtained when the battery’s terminal voltage reached 
equilibrium state during the relaxation period. The values of the SOC and SOH were estimated via the 
standard Ah counting method. The values of 2RC parameters are then obtained as follows.   
             The terminal voltage response was plotted using MATLAB curve fitting tool that fitted equation 
(8). 
 𝑦 = 𝑎 − 𝑏𝑒−𝑐𝑡 − 𝑑𝑒−𝑓𝑡 (8) 
where coefficients 𝑎, 𝑏, 𝑐, 𝑑 and 𝑓 are known after the curve fitting. The coefficients 𝑎, 𝑏, 𝑐, 𝑑 and 𝑓 
correspond to (9) to (14) respectively. 
 𝑉𝑡 = 𝑉𝑂𝐶 − 𝑉1(0)𝑒
−𝑡/𝑅1𝐶1 − 𝑉2(0)𝑒
−𝑡/𝑅2𝐶2 (9) 
 𝑉𝑂𝐶 = 𝑎 (10) 
 𝑉1(0) = 𝑏 (11) 
 𝑉2(0) = 𝑑 (12) 
 
1
𝑅1𝐶1
= 𝑐 (13) 
 
1
𝑅2𝐶2
= 𝑓 (14) 
            Substituting (11) and (13) into (15), 𝑅1 is computed with pulse discharge duration, 𝑡 = 𝑡𝑑 =
15𝑠 and discharging current, 𝐼 = 15 A.   
 𝐼𝑅1(1 − 𝑒
−𝑡𝑑𝑐) = 𝑉1(0) (15) 
             Similarly, 𝑅2 can be computed by substituting (12) and (14) into (16).  
 𝐼𝑅2(1 − 𝑒
−𝑡𝑑𝑓) = 𝑉2(0) (16) 
              The resistance, 𝑅0 can be obtained by taking the average resistance at the beginning and the 
end of the 15 s pulse discharge cycle. This can be performed by taking the voltage difference at end of 
the 1 hour relax cycle and beginning of the 15 s pulse discharge cycle divided by the discharge current. 
With 𝑅1 and 𝑅2 obtained, the capacitance, 𝐶1 and 𝐶2 can be computed via (13) and (14), respectively. 
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The total internal resistance, 𝑅𝑖, is the sum of  𝑅0, 𝑅1 and 𝑅2. Since the internal resistance of 
the battery varies at different SOC, ten sets of total internal resistance are extracted at SOC from 10 % 
to 100 % at an interval of 10% SOC. The total internal resistance, 𝑅𝑖 depends on the SOC of the battery. 
The estimate of SOC will be computed via the Ah counting method. The relationship between the SOC 
and OCV can be obtained by finding the best curve that fitted the experimental data as shown in Figure 
7 and equation (17). In addition, the instantaneous power (= OCV  current) of the battery can be 
determined. The OCV at different SOC values will be stored as a two-dimensional lookup table in the 
microcontroller. 
3.1568 0.011/ 0.0035 0.0025ln( ) 0.0397ln(1 )ocV SOC SOC SOC SOC        (17) 
where ln is the natural logarithm. 
 
Figure 7: OCV-SOC relationship curve 
In this paper, the state-of-health (SOH) of a battery is estimated using the Ah counting 
method. 
max 100 %ratedSOH C C           (19) 
where Crated  is defined as the measurement of the charge and discharge current with respect to its 
nominal capacity (the value is typically given by the manufacturer) and Cmax is the maximal releasable 
capacity. 
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4.2. Active Cell Balancing Design 
The balancing routine is used to check for cells that are not balanced and to perform the active 
cell balancing. The flowchart of the balancing routine is shown in Figure 8a. Firstly, the balancing 
routine will find the lowest, highest and average SOC of each cell. The cell with the lowest and highest 
SOC will be recorded. Secondly, the balancing routine will determine whether the BMS has been 
balanced by using the lowest, highest and average SOC. If all the cells are balanced, the balancing 
routine will turn off the relays that control the active cell balancing. Thirdly, the balancing routine will 
activate the active cell balancing for the cell with the lowest SOC. Two DC-DC converters are used in 
the active cell balancing. One DC-DC converter will be used to balance Cell #1 to #6 and another DC-
DC converter will be used to balance Cell #7 to 12. The DC-DC converter used to balance Cell #1 to 
#6 is powered by Cell #8 to #12 whereas the DC-DC converter used to balance Cell #7 to 12 is powered 
by Cell #1 to 5. The balancing routine will turn on the relays that connect the necessary cells to activate 
the desired DC-DC converter. In addition, relays will connect the cell with the lowest SOC to the DC-
DC converter.   
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Figure 8: Flowchart for (a) cell balancing; (b) cutoff control flowchart 
 
The cutoff control routine controls all the relays on the balancing PCB.  As shown in Figure 8b, 
the routine uses the acquired batteries voltage and the computed SOC to determine whether to switch 
off the relay. When the voltage and computed SOC reach the upper threshold, the relay that connects 
the battery pack to the charger will be turned off to terminate the charging. In addition, if the BMS is 
performing the active cells balancing, the active cells balancing process will be turn off. It helps to 
prevent the batteries from overcharging. When the voltage and SOC drop to the lower threshold, the 
relay that connects the battery pack to the DC-DC converter will be turned off. The routine uses the 
current readings from the transducer to detect charge or discharge activity. It will turn off the active cell 
balancing process when there is a charge or discharge activity. If there is no charge or discharge activity, 
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the SOC of the cells used in the balancing process will be updated. The balancing routine will execute 
to check for any cells that are not balanced in order to repeat the entire cell balancing process. In short, 
the cutoff control routine controls the relays to protect the batteries. It also updates the SOC of the cells 
and determines whether the batteries require balancing.   
           The battery data such as SOC values and balancing status of each cell are sent to LabVIEW 
VI graphical user interface (GUI). The frame structure of the data packet to LabVIEW VI GUI from the 
microcontroller (MCU) is shown in Table 4. A 4 bytes Gold code will be sent to the LabVIEW VI GUI 
followed by the individual cell voltages and the packet error check (PEC). The different cell voltages 
are 18 bytes, and the PEC is 1 byte for LTC6803-4 battery stack monitoring chip. The individual cell 
voltages are 24 bytes and the PEC is  2 bytes if LTC6804-2 battery stack monitoring chip is used. The 
temperature, pressure, battery stack current and  PEC will be the next data to be sent. Followed by SOC, 
balancing status, cell ID under balancing, balancing DC-DC converter input current, balancing DC-DC 
converter output current and the PEC. 
Table 4: Data frame structure of MCU to computer 
4 
Bytes 
18-24 
Bytes 
1-2 
Bytes 
6 Bytes 1-2 
Bytes 
30 Bytes 1-2 
Bytes 
Gold 
Code 
Cells 
Voltages 
PEC1 Temperature (2),  
Pressure (2),  
Stack Current (2) 
PEC2 SOC (24),  
Balancing Status (1), 
Cell ID Under Balancing (1),  
Balancing DC-DC Converter 
Input  Current (2),  
Balancing DC-DC Converter 
Output  Current (2) 
PEC3 
 
4.3. User-Interface Software Implementation   
The LabVIEW VI GUI was developed to display the status of the BMS. It will show the voltage 
and SOC of all 12-cell. Besides, battery pack total voltage, current, temperature pressure, and cell 
balancing status are included in the GUI. It can issue command to charge the cells and activate the cell 
balancing. The LabVIEW VI GUI checks for charge enable command. If the charge is allowed, the GUI 
will send a charge command to the MCU for necessary actions. The GUI will check the serial com port 
and receive any incoming data byte. With no incoming data, the GUI loops back to check for charge 
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enable command. If the data byte is received, it will be stored in an array. The GUI will check the array 
for the Gold code header. If Gold code header is not found, the GUI will loop back to check for charge 
enable command. Otherwise, the GUI will continue to receive the entire packet of data. PEC will 
compare with the received PEC. If they do not match, the array containing the received data will be 
cleared and the GUI will then check for charge enable command. If there is no error in the PEC, the 
GUI will process the received data and update the display. The Gold code and the PEC checking will 
ensure that the received data have no error in the received packet for GUI. The GUI then checks whether 
data logging is enabled for the processed data to be written into the log file. The GUI repeats the entire 
process to check for charge enable command. 
The GUI is a tabbed document interface with two main tabs. One of the tabs is for the graph to 
plot individual cells voltage over CPU time. The other tab is used to plot the graph of individual cells 
SOC at a different time. Serial com port selection is used for data communication. The charge function 
can be started by clicking the “Charge” button. By default, active cell balancing will be activated when 
the charging is enabled. In an event when the battery stack requires charging, the active cell balancing 
can be disabled by deselecting the option “Balancing when charging”. It will minimize the time needed 
to complete the charging since the cell balancing is not utilized in this option. The information of the 
battery stack such as the cell voltages, SOC, battery stack current, temperature, pressure, balancing 
status and balancing current are logged into a tab-delimited text file. 
 
5.  Experimental Test Setup 
A prototype of the battery power system was built and assembled for testing in Figure 9a.   The 
data and power from the battery cells are transmitted via the subsea connectors attached on the cover of 
the enclosure. The main core modules of the smart battery management system (BMS) are the BMS 
monitoring printed circuit board (PCB) and the active balancing PCB. Before integrating all the 
hardware modules, multiple lab tests have been performed to verify the functionality of the PCBs 
including the algorithms embedded into BMS and the LabVIEW graphic user interface (GUI).  
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Figure 9: (a) underwater battery power system prototype views; (b) experiment setup of underwater 
battery power system lowered into water tank by crane 
      An experimental test station was set up to simulate the working conditions and environment 
of the battery power system. The setup aims to test the water tightness of the enclosure as well as to 
analyze the system performance in the cold subsea temperatures. As shown in Figure 9b, the experiment 
setup consists of several components such as the overhead mobile gantry crane, water tank, chilling 
water system, and the programmable electronic load. These components are vital to the simulation of 
the battery power system in its operating conditions.   The water tank of size 1m  1m  1m is supported 
by a lifting crane. The tank is wrapped with thermal insulation to prevent condensation. The chilling 
system is capable of cooling the water down to a temperature of 4 °C from 30 °C in 14 hour and 
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maintaining the temperature. Thus, it simulates the temperature of seawater below 1000m.  The chilling 
system uses R404a coolant and a titanium coil heat exchanger. The battery power system is connected 
via the subsea connectors up to the programmable electronic load where the battery system would be 
discharged in accordance to a simulated load cycle of the underwater vehicle for realistic operational 
conditions. 
   The experiment test plan for the battery power system can be tabulated in Table 5. It covers 
the fully-submerged and discharge of power from the battery power system. There are few risks while 
conducting the experiments. The water tightness of the enclosure to ensure the proper working of the 
safety power cut-off in the event of ingress of water into the enclosure is monitored. The battery power 
system was connected to the programmable electronic load via the subsea connectors and lowered into 
the water tank. The water tank was filled with water with the chiller in operation. Sufficient time was 
given to cool the water to 4 °C. The battery power system was lowered into the water tank via the 
mobile gantry crane. 
Table 5. Experiment test plan 
Description Objective Procedure 
Fully submerging 
the enclosure into 
the water tank. 
To ensure the water 
tightness of the 
enclosure. 
1. Before sealing the enclosure, paste water 
reacting litmus paper at various locations in the 
enclosure. 
2. Place the sealed enclosure into the water tank. 
3. Ensure that the enclosure is entirely submerged. 
4. Check enclosure for any air bubbles, which 
would indicate a leak. 
5. Place desiccants in the enclosure to rule out the 
possibility of condensation as a leak. 
6. Leave the enclosure submerged for more than 
an hour 
7. Retrieve enclosure and open the cover.  
8. Check the litmus paper within the enclosure. 
9. There should not be any traces of water in the 
enclosure. 
10. Check for color change of the litmus paper. 
 
Discharge battery 
system to the 
electronic load, 
based on load 
cycle 
To ensure the battery 
power system is 
capable of powering 
an industrial standard 
underwater vehicle. 
1. Ensure that the battery cells are fully charged. 
2. Programme the electrical load by the load cycle. 
3. Monitor the system health and status. 
4. The system should react as expected and 
respond accordingly if any safety issues were to 
arise under cut-off voltage 
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         As observed in Figure 9b, the battery power system is completely submerged in the water tank 
and connected to the programmable electronic load. All CAM50F LiFePO4 cells were then used to test 
the hardware circuitries of the BMS PCB and active balancing PCB. The CAM50F LiFePO4 cells were 
made unbalanced. However, the cells were discharged at 0.3 C (that is 15 A) until the lowest SOC is 
about 50 %.  
      The theoretical time required for the cell to discharge from 87 % SOC to 50 % SOC at 0.3 C is 
approximately 4440 s. The lowest SOC cell reaches 50 % SOC at around 4600 s and active cell 
balancing started for the cells. At 7950 s, the cells have been balanced to within 5 % error. The terminal 
voltages of each cell show decreasing value as the battery was discharging until the minimal SOC is 
around 50%. The test results for terminal voltage and SOC during discharging are shown in the plots in 
Figure 10a and 10b, respectively. Note that the cell #2 and #12 are not uniform due to the poor cell 
quality and prolonged usage. As a result, they deviated (around 0.06V to 0.14V) from the rest of the 
cells during discharging.  However, the responses settled to the steady-state at around 9300s. In 
summary, the firmware with the active cell balancing can control the relays to balance the battery stack 
correctly. The circuitries of the BMS PCB and active balancing PCB are functioning.   
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Figure 10: CAM50F (a) terminal voltage response; (b) SOC vs. time during discharge of unbalanced 
cells 
 
    The LiFePO4 battery pack is connected to the BMS PCB and balancing PCB through switches 
and fuses. The switches enable the system to isolate the PCBs from the battery pack when the system 
is in offline. The fuses will disconnect the batteries from the PCBs in the event of short-circuit. The 
battery pack is also connected to a 2 kW DC-DC converter through a 60 A fuse and a 200 A rated relay. 
The fuse will protect the DC-DC converter for any high current being drawn from the battery pack. The 
200 A rated relay is controlled by the BMS to protect the batteries from over discharge. The battery 
pack is connected to a charger via another 100 A relay controlled by the BMS. The BMS system will 
ensure no charging and discharging activities at the same time by controlling the 100 A rated and 200 
A rated relay.   
 
5.1. Continuous Discharge Verification  
   All the battery cells were fully charged to 100% SOC and were discharged continuously via the 
2 kW DC-DC converter. This test verified the connections from the batteries to the converter as well as 
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the capability of the battery pack to discharge continuously. The output of the 2 kW DC-DC converter 
is connected to an electronic load to draw a constant current of 20 A. The under-voltage protection is 
set to 2.7 V to avoid over-discharge. 
Figure 11a shows the voltage of the cells against time and Figure 11b shows the SOC of the 
batteries (%) against time(s). The BMS stopped discharging at 9083 s as seen in Figure 11a. Since the 
voltage and current of the 2 kW DC-DC converter are constant, the total power delivered by the BMS 
is 2.42 kWh which is higher than the targeted 2 kWh. The current drawn from the batteries range from 
27.15 A to 30.57 A due to the voltage of the batteries drop as SOC decreases to maintain constant power 
drawn by the 2 kW DC-DC converter. Due to the 2.7 V under-voltage protection, the batteries were not 
fully discharged. Hence, showing the cell with SOC values of 5.19% (see Figure 11b). The feature 
protects the batteries from over-discharge. In summary, the test successfully verified the connections 
between the batteries to the 2 kW DC-DC converter. The BMS is able to deliver 2 kWh and protect the 
batteries from over-discharging. 
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Figure 11: CAM50F (a) terminal voltage response; (b) SOC vs. time during continuous discharge 
verification   
5.2. Charging and Active Balancing 
The twelve battery cells were set to different SOC values starting from 10 % to 17.5 % as shown 
in Figure 12a. Figure 12a shows SOC data transmitted from the BMS. The BMS performed the active 
balancing at the following conditions. The cells need to have at least 30 % SOC with an average SOC 
difference of not more than 5 %. The SOC of each cell should not be more than 70 %. The last condition 
is set to enable efficient charge transfer. If the SOC is high, charge transfer will take a longer time to 
balance the cells. Note that the pressure in the enclosure is around 1 bar. 
Due to the conditions to activate the active balancing algorithm, the minimum initial SOC of 
the cells was set to 10 %. The cells are charged to 30 % SOC, and active balancing is then activated. 
Figure 12b and Figure 12c show that the BMS is charging the cells to certain SOC levels. After the cells 
are balanced, the voltages of each cell are quite close to one another (see Figure 12d). The average 
variation of SOC for all the cells is within 5 % as shown in Figure 12e. The test successfully verified 
the connections between the charger to the battery pack, the capability of the charger to charge the 
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battery cells and the functionality of the active balancing circuitry and algorithm for balancing the 
battery cells. 
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Figure 12: LabVIEW GUI (a) initial SOC of cells; (b) voltage tab for charging battery pack;(c) SOC 
tab for charging battery pack; (d) voltage tab after active balancing; (e) SOC tab after active balancing  
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6. Conclusions 
 The battery power system for the offshore industry is a mechatronics system. The battery power 
system had gone through multiple design iterations to reach the final hardware, software, and interfacing 
design. The battery modeling, simulation, and experimental validation were conducted to test the 
functionality and reliability of the system in water before future implementation in remotely-operated 
vehicle (ROV). Due to the subsea temperatures, the thermal characteristic of the battery cells in the 
enclosure at low temperatures was investigated using COMSOL.  
 The results showed that the operating temperature was within the specification of the battery 
cell of 50 °C. The smart battery management system (BMS) could perform active cell balancing and 
state of charge (SOC) estimation in real-time. The experimental test successfully validated the 
capability of SOC estimation and active cell balancing in water. The average variation of SOC for the 
12-cell was around 5%.  The smart BMS was capable to estimate SOC and perform the active cell 
balancing under the imbalanced SOC values of at least 30 %.    
 For future works, the battery power system will be installed and tested on an actual ROV used 
for the offshore industry. 
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Nomenclature 
tw   
wall thickness of cylinder   m 
x  axial coordinates m 
r  radial coordinate m 
P   pressure acting on cylinder Pa (N/m
2) 
tf  
thickness of flat end m 
d  inner diameter m 
S  maximum allowable stress  Pa (N/m
2) 
RI  
inner radius of cylinder wall m 
RO   
outer radius of cylinder wall m 
𝑄𝐽𝑜𝑢𝑙𝑒  Joule heating effect J 
𝐼   discharging current  A 
𝑅𝑖   internal resistance of the 
battery  
Ω 
 𝐶𝑃  heat capacity at constant 
pressure  
J/kgK 
T  temperature  K 
𝑢  velocity field  m/s 
𝑘  thermal conductivity  W/mK 
𝑄  heat source  W/m3 
𝑝  fluid pressure  Pa (N/m2) 
 𝐹  volume force field  N/m3 
𝐶1 and 𝐶2  capacitors of battery  F 
𝑅0, 𝑅1 and 𝑅2  resistances of battery Ω 
𝑅𝑖  total internal resistance Ω 
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𝑎, 𝑏, 𝑐, 𝑑 and 𝑓   coefficients of curve fitting - 
𝑡𝑑   
pulse discharge duration s 
𝑉𝑂𝐶(𝑐ℎ𝑎𝑟𝑔𝑒)  
open-circuit voltage during 
charging 
V 
𝑉𝑂𝐶(𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒)  
open-circuit voltage during 
discharging 
V 
𝑉𝑡   
terminal voltage V 
Cmax  
maximal releasable capacity   F 
Crated  
rated capacity   F 
 
Greek letters 
 θ  angular coordinate degree 
 𝜎𝜃  
stress in the circumference 
called hoop stress 
Pa (N/m2) 
𝜎𝑥  
stress along the axial 
direction called longitudinal 
stress 
Pa (N/m2) 
 𝜇  fluid dynamic viscosity  Pa.s 
𝜌  density  kg/m3 
 
 
Subscripts and superscripts 
 
w wall 
f flat end head or cap 
d discharging 
θ circumference direction 
x axial direction 
i internal 
I inner  
p constant pressure 
oc open-circuit 
1  first component 
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2 second component 
t terminal 
max maximum value 
rated rated value 
amb ambient 
 
Abbreviations 
BP British Petroleum   
URV underwater robotic vehicles  
ROV remotely-operated vehicle  
AUV autonomous vehicle  
SOC state-of-charge  
DC Direct current  
AC Alternating current  
3D three-dimensional  
CAD computer-aided design  
PCM phase change material  
PCB printed circuit board  
SOH state-of-health  
BMS battery management system  
CCCV constant current-constant 
voltage 
OCV open circuit voltage  
GUI graphical user interface  
MCU microcontroller 
PEC packet error check 
ID Identification 
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